Introduction {#S0001}
============

Chronic obstructive pulmonary disease (COPD) is characterized by irreversible airflow obstruction and abnormal lung inflammation. COPD was responsible for around 6% of all deaths worldwide in 2012, and it is the fourth leading cause of death globally.[@CIT0001],[@CIT0002] This disease encompasses two major clinical phenotypes: chronic bronchitis and emphysema.[@CIT0003] Although multiple factors increase the risk for COPD, tobacco smoke remains the main cause. However, the cellular and molecular mechanisms that mediate cigarette smoke (CS)-induced COPD pathogenesis remain unknown.

Macrophages serve as the first line of defense and act as immune effector cells in the lung, which are reactive and respond to endogenous and exogenous stimuli. Accumulating evidence has shown that macrophage numbers are elevated in the alveoli and bronchioles and induce sputum formation in smokers and COPD patients.[@CIT0004] Additional studies suggest that there is a positive association between macrophage numbers in the alveolar walls and COPD severity. Macrophages are the major inflammatory cells in COPD, and they generate a host of inflammatory mediators and matrix metalloproteinases (MMPs), which cause defective immune surveillance and tissue damage that lead to COPD progression.[@CIT0005] However, the potential effects and detailed mechanisms of macrophages in regulation of CS-induced inflammatory responses remain unclear.

Necroptosis is a regulated form of necrosis that is characterized by cellular organellar swelling, cell membrane rupture, and proinflammatory intracellular component release, which relies on the enzymatic activity of receptor-interacting proteins (RIP) 1 and 3 in various diseases.[@CIT0006] RIP1/3 kinases (RIPK), which form a multiprotein complex called the necrosome, are key regulators of necroptosis.[@CIT0007] Mizumura et al showed that necroptosis participates in the process of COPD,[@CIT0008] and we also found that necroptosis plays an important role in CS-induced airway injury.[@CIT0009] Airway epithelial necroptosis is closely related to COPD pathogenesis. However, the underlying mechanisms of necroptosis in COPD have yet to be elucidated. We speculate that necroptosis may be involved in CS-induced macrophage inflammatory responses.

The present study aimed to explore roles and detailed mechanisms of necroptosis in regulation of CS-induced inflammatory responses in macrophages using pharmacological approaches. We propose that CS-induced necroptosis in macrophages as a specific inflammatory response mechanism. Administration of necroptosis inhibitors may, thus, represent a potential therapy for COPD.

Materials and Methods {#S0002}
=====================

Cigarette Smoke Extract Preparation and Cell Viability {#S0002-S2001}
------------------------------------------------------

CS extract (CSE) was prepared and treated as described previously.[@CIT0010],[@CIT0011] Cell viability was determined using the CCK8 (cell counting kit 8) assay (Liankebio, Hangzhou, China), according to the manufacturer's instructions.

Chemicals and Reagents {#S0002-S2002}
----------------------

GSK'872, BAY 11--7082, and MITO-TEMPO were purchased from Medchem Express (USA). Necrostatin-1 (NEC-1) and RBC lysing buffer were from Sigma-Aldrich (USA). Antibodies against RIPK3, RIPK1, p-P65, and actin were from Cell Signaling Technology and Abcam. RIPK3, RIPK1 and p-P65 were diluted at 1:1000 and actin were at 1:2500. Goat anti-Mouse and Goat anti-Rabbit secondary antibodies (diluted at 1:2500) were from Erath. Recombinant mouse M-CSF were from R&D Systems.

Bone Marrow-Derived Macrophages {#S0002-S2003}
-------------------------------

Bone marrow-derived macrophages (BMDMs) were isolated and cultured as described previously.[@CIT0012] Eight-week-old mice were sacrificed and each entire mouse body soaked in 75% ethanol for 10 minutes. Bone marrow cells were flushed out from the murine femurs and tibias, and then were centrifuged for 5 min at 400 ×g. RBC lysing buffer was then used to eliminate erythrocytes. The remaining cells were cultured in DMEM containing 10% fetal bovine serum at 37°C, 5% CO2, and 10 ng/mL M-CSF for 7 days.

RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) {#S0002-S2004}
----------------------------------------------------------------------------

Total RNA from BMDMs was isolated using RNAiso Plus (Takara Biotechnology, Beijing, China). Reverse Transcription Reagents (Takara Biotechnology) were applied to reverse-transcribe RNA. qRT-PCR using SYBR Green system (Takara Biotechnology) was applied to quantify mouse chemokine ligand (CXCL)1, CXCL2, and interleukin (IL)-6 gene expression.

ELISA {#S0002-S2005}
-----

Cellular supernatants were collected from treated cells. Mouse CXCL1, CXCL2, and IL-6 ELISA kits (R&D Systems) were used to measure CXCL1, CXCL2, and IL-6 levels in cellular supernatants, according to the manufacturer's protocols.

Western Blotting {#S0002-S2006}
----------------

Total proteins from cells were extracted using an ice-cold radioimmunoprecipitation assay containing protease (Roche Diagnostics) and phosphatase inhibitors (Roche Diagnostics). Protein samples were separated and immunoblotted using relevant antibodies, according to standard methods. Band densities were quantified using the Image J software.

Mice {#S0002-S2007}
----

Wild-type C57BL/6 mice were from the SLACCAS, Shanghai Laboratory Animal Center, CAS. All the mice were exposed for 1 month to room air or whole-body CS (2 h per day, 5 days per week) that was generated from research-grade cigarettes (3R4F; University of Kentucky, Lexington, KY, USA) in 5-l smoking chambers, as previously described.[@CIT0013] All the animal experimental protocols were approved by the Ethics Committee for Animal Studies at Anhui Medical University and were in accordance with the "Guide for the care and use of laboratory animals" approved by the committee.

Statistical Analysis {#S0002-S2008}
--------------------

Data are presented as the mean ± standard error of the mean (SEM) and were analyzed using GraphPad Prism 7.00 (GraphPad software, CA, USA). Differences between experimental and control groups were identified using an unpaired, two-tailed Student's *t*-test. A p value \< 0.05 was considered to be significant.

Results {#S0003}
=======

Cigarette Smoke Exposure Induces Necroptosis in Macrophages {#S0003-S2001}
-----------------------------------------------------------

To determine whether necroptosis was activated in macrophages upon CS exposure, we first assessed the role of necroptosis in CSE-induced cell death. As expected, we observed that CSE-induced cell death was significantly decreased after addition of the necroptosis inhibitor NEC-1, which targets RIPK1 activity ([Figure 1A](#F0001){ref-type="fig"}). Next, we measured the expression of necroptosis-related molecules in vivo and in vitro. Wild-type mice were exposed to air or CS for 1 month. We found that CS exposure increased the total number of inflammatory cells and inflammatory cytokines CXCL1 in BALF ([Figure 1B](#F0001){ref-type="fig"} and [C](#F0001){ref-type="fig"}). Alveolar macrophages were then isolated. RIP3 levels showed a significant increase in alveolar macrophages in the CS-exposed mouse, as indicated by Western blotting analysis ([Figure 1D](#F0001){ref-type="fig"} and [E](#F0001){ref-type="fig"}). Additionally, Western blotting analysis demonstrated that CSE caused an elevation in RIP1 and 3 in BMDMs ([Figure 1F](#F0001){ref-type="fig"} and [G](#F0001){ref-type="fig"}), indicating an increase in CS-induced necroptotic cell death in macrophages. These results suggest that CSE induces necroptosis in macrophages.Figure 1Cigarette smoke (CS) induces necroptosis in macrophages. (**A**) After pretreated with NEC-1 (50 μM) or vehicle, BMDMS were incubated with 2% CSE for 24h, and cell death was determined by CCK8 assay. (**B** and **C**) Mice were exposed to CS for 1 months, and the number of total inﬂammatory cells and CXCL1 in the bronchoalveolar lavage fluid (BALF) were measured.(**D** and **E**) Protein expression of RIPK3 in alveolar macrophages isolated from mice exposed to room air or whole-body CS is measured by Western blotting analysis. (**F** and **G**) Time-dependent expression of RIPK3 and RIPK1 in BMDMs treated with 1%CSE. Data are mean ± SEM of 3 independent experiments. Western blot data are representative of 3 independent experiments. \*P \< 0.05, \*\*P \< 0.01 (Student's *t*-test).**Abbreviations:** CS, Cigarette smoke; BMDMs, bone marrow--derived macrophages; CSE, cigarette smoke extract; SEM, standard error of the mean.

Necroptosis Regulates CSE-Induced Inflammatory Responses in BMDMs {#S0003-S2002}
-----------------------------------------------------------------

Proinflammatory factors, such as CXCL1 and 2 and IL-6, were shown to be involved in COPD pathogenesis.[@CIT0014]--[@CIT0016] We further explored the function of necroptosis in CS-induced inflammatory responses in BMDMs. Two commonly used pharmacological inhibitors, NEC-1 and GSK'872 that inhibit RIPK1 and 3, respectively, were used to block necroptosis. CSE exposure increased mRNA transcription and caused an increase in secreted CXCL1 and 2 and IL-6 protein levels in BMDMs, which was significantly reversed by NEC-1 and GSK'872 ([Figures 2](#F0002){ref-type="fig"} and [3](#F0003){ref-type="fig"}). Taken together, these data suggest that necroptosis promotes CSE-induced inflammation in macrophages.Figure 2Inhibition of necroptosis alleviates CSE-induced mRNA transcripts of inflammatory cytokine in BMDMs. BMDMs were incubated with 1%CSE for 24h in the absence or presence of the indicated necroptosis inhibitor. Relative mRNA levels of CXCL1, CXCL2 and IL6 were detected by qRT-PCR (**A**--**F**). Data are mean ± SEM of 3 independent experiments. \*P \< 0.05, \*\*P \< 0.01 (Student's *t*-test).**Abbreviations:** CSE, cigarette smoke extract; BMDMs, bone marrow--derived macrophages; NEC-1, necrostatin-1; qRT-PCR, quantitative real-time polymerase chain reaction; SEM, standard error of the mean.Figure 3Inhibition of necroptosis alleviates CSE-induced protein levels of inflammatory cytokine in BMDMs. BMDMs were incubated with 1%CSE for 24h in the absence or presence of the indicated necroptosis inhibitor. Relative protein levels of CXCL1, CXCL2 and IL6 in the culture supernatants were detected by ELISA (**A**--**F**). Data are mean ± SEM of 3 independent experiments. \*P \< 0.05, \*\*P \< 0.01 (Student's *t*-test).**Abbreviations:** CSE, cigarette smoke extract; BMDMs, bone marrow--derived macrophages; NEC-1, necrostatin-1; qRT-PCR, quantitative real-time polymerase chain reaction; SEM, standard error of the mean.

mitoROS Mediates CSE-Induced Necroptosis and Inflammatory Responses in BMDMs {#S0003-S2003}
----------------------------------------------------------------------------

We next sought to examine the upstream pathways that mediate CSE-induced necroptosis and inflammatory responses. CS contains a high concentration of oxidants and reactive oxygen species (ROS), which are normally considered to be critical regulators of necroptotic signaling.[@CIT0017] CS-induced mitochondrial ROS (mitoROS), which can specifically promote necroptosis,[@CIT0018] appears to be a key contributor to COPD pathophysiology.[@CIT0019] Consequently, we intended to examine whether mitoROS is related to CSE-induced necroptosis and inflammatory responses in BMDMs. Specific inhibition of mitoROS by mitochondria-targeted antioxidant Mito-TEMPO effectively decreased CSE-induced cell death ([Figure 4A](#F0004){ref-type="fig"}) and RIP1 and 3 protein expression ([Figure 4B](#F0004){ref-type="fig"} and [C](#F0004){ref-type="fig"}). As expected, CXCL1 and 2 and IL-6 mRNA expression was significantly reduced by Mito-TEMPO ([Figure 4D](#F0004){ref-type="fig"}--[F](#F0004){ref-type="fig"}).Figure 4MitoROS mediate CSE-induced necroptosis and inflammatory responses in BMDMS. (**A**) After pretreated with MITO-TEMPO (10 μM) or vehicle, BMDMS were incubated with 2% CSE for 24h, and cell death was determined by CCK8 assay. (**B** and **C**) After pretreated with MITO-TEMPO or vehicle, BMDMS were incubated with 1% CSE for 8h and cell lysates were then subjected to Western blotting for RIPK3 and RIPK1. (**D**--**F**) BMDMs were incubated with 1%CSE for 24h in the absence or presence of the MITO-TEMPO. Relative mRNA levels of CXCL1, CXCL2 and IL6 were detected by qRT-PCR. Data are mean ± SEM of 3 independent experiments. Western blot data are representative of 3 independent experiments. \*P \< 0.05, \*\*P \< 0.01 (Student's *t*-test).**Abbreviations:** CSE, cigarette smoke extract; BMDMs, bone marrow--derived macrophages; qRT-PCR, quantitative real-time polymerase chain reaction; SEM, standard error of the mean.

Necroptosis Modulated Inflammatory Responses Through NF-κB Pathway in BMDMs {#S0003-S2004}
---------------------------------------------------------------------------

Nuclear factor (NF)-κB is closely associated with the regulation of COPD-related inflammatory cytokines,[@CIT0020] and we sought to clarify whether the NF-κB pathway acts as the downstream pathway that mediates the regulation of necroptosis in CS-induced inflammation. Previous studies revealed that the NF-κB pathway is required for the inflammation response in BMDMs.[@CIT0012] We also confirmed that inhibition of the NF-κB pathway by BAY 11--7082 suppressed CSE-induced CXCL1 and 2 and IL-6 expression in BMDMs ([Figure 5A](#F0005){ref-type="fig"}--[C](#F0005){ref-type="fig"}). Inhibition of necroptosis by NEC-1 or GSK'872 caused a significant decrease in p-P65 activation ([Figure 5D](#F0005){ref-type="fig"} and [E](#F0005){ref-type="fig"}). These data suggest that necroptosis upregulates CSE-induced inflammation through activation of the NF-κB pathway.Figure 5Necroptosis regulate CSE-induced inflammation through the activation of NF-κB pathway in BMDMs. (**A**--**C**) BMDMs were cultured with BAY 11--7082 (2.5μM) or vehicle together with 1% CSE for 24h, CXCL1, CXCL2 and IL6 mRNA transcripts were detected by qRT-PCR. (**D** and **E**) BMDMs were pretreated with the indicated necroptosis inhibitor, following treatment with 1% CSE for 12h, and the levels of p-P65 were assessed by Western blotting. \*\*P \< 0.01 (Student's *t*-test).**Abbreviations:** CSE, cigarette smoke extract; BMDMs, bone marrow--derived macrophages; qRT-PCR, quantitative real-time polymerase chain reaction; SEM, standard error of the mean.

Discussion {#S0004}
==========

In this study, we demonstrated that CS elicits necroptosis through mitoROS production in macrophages, which is essential for CS-induced pulmonary inflammation in COPD pathogenesis. Necroptosis regulates CS-induced inflammatory responses, which may occur through the NF-κB pathway. Taken together, these data provide new insights into the deleterious role of necroptosis in COPD pathogenesis.

As a novel cell death mode, necroptosis has been shown to be involved in retinal degeneration, brain impact trauma, liver injury, and septic shock, and so on.[@CIT0021] Necroptosis execution depends on RIPK1 and 3 activation and it can be blocked by their inhibitors. Accompanied by robust inflammation, necroptotic cells can release damage-associated molecular patterns (DAMPs) that can initiate an inflammatory response; thus, necroptosis appears to be closely related to inflammation.[@CIT0022] A growing body of evidence has shown that necroptosis is elicited in idiopathic pulmonary fibrosis, acute lung injury, and environmental particle-induced pulmonary inflammation.[@CIT0023] In accordance with these studies, results from this research demonstrates that CS promotes necroptosis in alveolar macrophages and BMDMs. We also observed that inhibition of RIP1 or 3 caused a marked attenuation of CSE-induced inflammatory responses in BMDMs, indicating that necroptosis plays a deleterious role in COPD pathogenesis. In terms of mechanisms, we also provided strong evidence that CSE initially triggers mitoROS production and subsequently elicits necroptosis in BMDMs, which regulates inflammation that may occur through modulation of the NF-κB signaling. These data provide new insights in which blocking necroptosis in macrophages provides therapeutic benefits by alleviating CS-induced inflammation.

Previous study showed that CSE induced necroptosis in pulmonary epithelial cells8. We and others further found that necroptosis in bronchial epithelial cells play an important role in CS-induced airway inflammation.[@CIT0009],[@CIT0024] The present study indicated that necroptosis also regulated CSE-induced inflammatory responses in BMDMs. There is a dynamic interaction between macrophages and airway epithelium in the lung, and they may cooperatively regulated inflammatory responses in the COPD pathogenesis.

Oxidative stress occurs because of excessive free radical production and reduced antioxidant availability. Oxidative stress is integral to the general inflammatory responses, in addition to physiological signaling and activation of the host's defenses.[@CIT0019] Excessive ROS accumulation, which could be from exogenous CS, leads to oxidative stress.[@CIT0025] In the respiratory system, ROS could damage lung tissue and act as a trigger for enzymatically-generated ROS that are released from respiratory and inflammatory cells, and this is essential for COPD development and progression.[@CIT0025] Accumulating evidence suggests that ROS is an important driving force in necroptosis.[@CIT0026],[@CIT0027] Recent evidence has suggested that mitoROS promotes RIP1 autophosphorylation on serine residue 161 and subsequently recruits RIP3 to form a functional necrosome, which controls necroptosis formation.[@CIT0018] Consistent with previous findings, the current study results showed that mitoROS mediates CS-induced necroptosis and inflammatory responses in macrophages, suggesting that CS elicits necroptosis that is most likely dependent on mitoROS production.

Inflammation is a critical feature in lung injury, and it causes the release of inflammatory mediators and substantial proteases, thereby ultimately contributing to COPD development.[@CIT0028] As the major inflammatory cells in the COPD lung, macrophages secrete inflammatory factors and enzymes that are involved in the process of airway injury and emphysematous lung destruction.[@CIT0029],[@CIT0030] Numerous studies have shown that inhibition of necroptosis can alleviate lung injury in several pulmonary diseases.[@CIT0031]--[@CIT0033] However, a recent study has reported that induction of necroptosis caused a significant reduction in lung metastasis that was caused by an osteosarcoma.[@CIT0034] Our current study results are consistent with previous results that showed that necroptosis inhibitors greatly reduce the CS-induced inflammatory response in BMDMs, indicating that necroptosis plays a deleterious role in COPD development. Because pulmonary disease is complex, the function of necroptosis in the lung may be either protective or deleterious.

Generally, NF-κB signaling plays a large role in initiating inflammation. Substantial evidence has showed that CS induces the inflammatory response in the COPD lung through NF-κB signaling, the intensity of which is positively related to the severity of COPD.[@CIT0035],[@CIT0036]

NF-κB typically consists of P50/P65 heterodimers, and P65 often controls the NF-κB transcriptional activation.[@CIT0037] Similarly, the present study provides strong evidence that the NF-κB pathway is essential for the regulating CS-induced inflammation in BMDMs. We further demonstrated that necroptosis is responsible for modulating the p65 phosphorylation status and, in turn, regulating inflammatory gene transcription in BMDMs; this suggests that necroptosis is a pivotal regulator in NF-κB signaling. Yatim et al[@CIT0038] reported that NF-κB activation is RIPK1-dependent, and RIPK3 was also shown to promote inflammatory responses through the NF-κB pathway.[@CIT0039] However, the specific necroptosis-related mechanisms that are involved in regulation of the NF-κB pathway remain unknown, and further studies are needed.

Conclusion {#S0005}
==========

Thus, we demonstrated the manner in which CSE induces mitoROS and subsequently activates necroptosis in macrophages, which are essential events for inflammatory responses, and this activation may occur through modulation of the NF-κB pathway. Thus, our results suggest that inhibition of necroptosis and/or mitoROS in BMDMs could represent novel therapeutic strategies for CS-induced inflammation in COPD patients.
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